T he bacterial envelope is a specialized compartment interacting with both the surrounding environment and the cytoplasm. It plays a central role in energy production and cell-cell communication, and actively controls the transport of nutrients and waste or toxic products (1) . It is in this compartment where most of the perception of the bacterial surroundings takes place. Sensory devices, usually periplasmic-protruding inner-membrane histidine kinases or antisigma factors, detect changes in the environment and transduce this information to cytoplasmic effectors, usually transcriptional regulators (2, 3) . This simple array provides an efficient and rapid response to modulate the expression of factors required to cope with a continuously challenging environment.
Dedicated signal-transduction systems are responsible for the homeostatic maintenance of specific components in this compartment (4, 5) . One of these components is the transition redox copper ion. This essential ion participates in enzymatic reactions carried out by periplasmic cuproproteins, including cytochrome oxidases, NADH dehydrogenases, Cu,Zn-superoxide dismutases, laccases, and multicopper oxidases, among others (6) . It is at the same time extremely reactive, causing damage to proteins, lipids, and other cellular components. Most enterobacterial species harbor a copper-responsive two-component system, CusR/CusS, to control copper levels in the cell envelope (7, 8) . CusR/CusS responds to the surplus of periplasmic copper, inducing the expression of the CBA-type efflux complex, CusC(F)BA, that pumps the excess metal ion out of the cell (9) . In contrast, the cytoplasm is not predicted to require copper (10, 11) . This compartment is monitored by the copper-efflux regulator CueR, a MerR-like transcription factor that mounts the response to eliminate the toxic ion from the cytoplasm (12) ; thus, the independent monitoring of copper in each compartment provides a physiological advantage, allowing maintenance of the appropriate quota in the envelope and its exclusion from the cytoplasm.
Salmonella lacks both the genes coding for CusR/CusS and the operon encoding the CusC(F)BA efflux complex (8, 13) . Different lines of evidence suggest that the CueR-induced periplasmic protein (CueP), product of the cueP gene, plays a major role in maintaining copper homeostasis in the Salmonella envelope. It participates in copper resistance, particularly in anaerobiosis (8, (14) (15) (16) , and cueP is usually present in species lacking the cus locus (8) .
Here we report that cueP expression requires both the presence of the toxic ion and the stress caused by the excess copper in the periplasm. We show that cueP induction requires the simultaneous activation of CueR and the CpxR/CpxA two-component system (17, 18) . The absence of either CueR or CpxR abrogates cueP induction. We show that CueR is necessary for the appropriate spatial arrangement of the −10 and −35 elements in the cueP promoter, and that CpxR is essential for the recruitment of the RNA polymerase. This coregulation restricts the expression of CueP to cells encountering the copper excess that causes envelope stress. Given that the number of specific envelope-sensing signal transduction systems present in a typical bacterial genome is limited, coordinated interactions between an envelope stress
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detector and a signal-specific cytoplasmic sensor contribute to fine-tune the damage responses in the periplasmic compartment.
Results
Differential Induction of cueP Within the Cue Regulon. Several lines of evidence show that CueP parallels the enterobacterial Cus system. CueP is necessary for copper resistance in anaerobiosis, whereas its role in aerobic conditions is masked by other components of the Cue regulon (7, 8, 19) . A mutant lacking CueP has an increased cellular copper load (15) and delayed copper-induced expression compared with the other Cue components (Fig. S1A) , resembling the expression kinetics of the Escherichia coli cus locus (20) . In addition, and unlike the other genes of the Cue regulon, its induction by copper is observed only in neutral conditions (pH 7.0), and not in acidic conditions (pH 5.5) (Fig. S1B) .
Copper-Induced cueP Expression Requires the Envelope-Stress Response CpxR/CpxA Regulatory System. We and others have shown that copper can induce genes of the CpxR/CpxA regulon (21) (22) (23) . This, along with the pH-dependence in cueP expression, another CpxR/CpxA-activating condition (24) , prompted us to investigate the contribution of this regulatory system to cueP expression. Deletion of the response regulator gene cpxR and/or the sensor kinase coding gene cpxA abrogated the metal induction of cueP at pH 7.0 (Fig. 1) . Remarkably, the absence of either CpxR or CueR hampered the metal induction of CueP (Fig. 1B) , and overexpression of CueR or of CpxRA did not promote cueP expression in the ΔcueR ΔcpxRA double-mutant strain (Fig. S2 ), indicating that both factors are simultaneously required for the copperpromoted expression of this periplasmic protein.
An in silico analysis identified a putative CpxR-binding site between nucleotides −64 and −50 relative to the cueP transcription start site. DNase I footprinting analysis (Fig. S3A) showed that CpxR protected from nucleotide −43 to nucleotide −68 relative to the transcription start site of the promoter in the coding strand, and from nucleotide −47 to nucleotide −71 in the noncoding strand, with an overlap of 22 bp between the two strands in which the predicted Cpx-binding box was centered (Fig. S3B) . The CpxR-protected region was 6 nt upstream of the region protected by CueR, and there was no interference in the simultaneous interaction of both regulators with the promoter fragment (Fig.  S3A) . A chromosomal cpxR-box* mutant strain was generated, replacing the predicted CpxR-binding motif TTtgC-n5-tTTAC with the CAtgG-n5-tAGTG sequence (Fig. S3C) . Copper-induced expression of cueP was abrogated in this mutant strain (Fig. 1A) , confirming the requirement of this direct-repeat region for CpxR recognition.
Although characterized only in Salmonella, genes coding for CueP homologs are present in species of Actinobacteria, Deinococcus-Thermus, Firmicutes, Tenericutes, and Proteobacteria (Fig. S4 ). The presence of CueP homologs in Proteobacteria is restricted to a few species of the Gammaproteobacterial class and within this, mostly to enterobacterial species, including Salmonella. The region upstream of cueP in this cluster contains a highly conserved CueR operator, an almost identical −35 promoter element, and a CpxR-binding site (Fig. S5) , reflecting a conserved selective pressure to maintain the coordinated expression control of these xenolog proteins during evolution. CueP is a copper-binding protein (14, 16) required for resistance to the metal ion (8) . Its presence alleviates copper stress (25) and reduces the cellular content of the ion (15) . As expected for its reduced expression, the cpxR-box* mutant showed a decreased resistance to copper under anaerobic conditions ( Fig. 2A) , indicating that its CpxR activation is essential for copper resistance. Furthermore, a ΔcpxR mutant displayed a marked sensitivity to the metal ion ( Fig. 2A) (26) , suggesting that other factors under CpxR control are also involved in the resistance to copper.
Because CueP is important for copper resistance under anaerobiosis but dispensable under aerobiosis (25), we examined whether its unregulated expression could affect growth under aerobic or even more oxidative conditions. For this, we constructed a mutant strain with cueP under control of the CpxR-independent copA promoter (PcopA), a promoter that responds to Cu-CueR and has similar levels of metal induction as the native cueP promoter at neutral pH (Fig. S1B ). Earlier and increased CueP production was attained when expressed from the PcopA promoter during the early exponential growth phase ( Fig. 2 B and C) . We detected no differences in growth between these strains in LB under static, microaerobic conditions (Fig. 2D) . Interestingly, under aerobic conditions, the PcopA strain showed a growth defect during exponential phase compared with the wild-type strain in both the absence and the presence of a sublethal (1 mM) copper concentration (Fig. 2E) , and increased oxidative stress caused by the addition of H 2 O 2 ( Fig. 2F) further exacerbated the growth difference between these two strains. These results indicate that tight transcriptional control of CueP is necessary both to allow its expression under envelope copper overload and to prevent its presence when it is not required.
Productive Interaction of the RNA Polymerase with PcueP Requires
Both Cu-CueR and Phosphorylated CpxR. Incubation of a cueP promoter fragment containing the CpxR-and CueR-binding (Fig. 3A) , supporting the need for additional factors to favor this fragment's interaction with PcueP. Addition of the RNA polymerase with either Cu-CueR or phosphorylated CpxR (CpxR∼P) did not extend the protected region generated by the regulators alone. Only the simultaneous incubation of the three factors produced an extension of the protected region toward the transcription start site (Fig. 3A , last two columns), suggesting that both Cu-CueR and CpxR∼P are simultaneously required for the productive interaction of the RNA polymerase with the DNA.
Confirming the foregoing observations, the RNA polymerase did not affect the electrophoretic migration of the DNA fragment in EMSAs (Fig. 3 B and C) . Shifted bands were observed when either CueR or CpxR was incubated with the DNA probe. The addition of CpxR∼P, but not of Cu-CueR, together with the RNA polymerase produced a supershift of the probe (Fig. 3 B and C) .
The simultaneous addition of the three factors increased the intensity of a supershifted band, with the disappearance of the remnant unshifted DNA. This supershifted band matched a transcriptional open complex as the addition of NTPs generated a faster electrophoresis migrating initiating complex (Fig. 3B) , and, in contrast to the CpxR-DNA complex, remained stable after treatment with heparin (Fig. S6) . Cu-activated CueR is required, because the presence of the Cu chelator KCN abrogated both the open and the initiating complexes, whereas KCN did not affect the binding capacity of either CueR or CpxR (Fig. S7) . Furthermore, a mutant protein, CueR C120S , which cannot interact with Cu (27) , produced a similar shift of the probe as the wild-type regulator, but was unable to generate either the open or the initiating complexes (Fig. 3C) .
The foregoing results strongly suggest that CpxR is required for recruitment of the RNA polymerase, whereas CueR, as a typical MerR-like regulator, facilitates the spatial orientation of the −35 and −10 elements. In a CueR-dependent promoter, these elements are separated by 19 bp, a longer distance than the 17 ± 1 bp present in a typical σ 70 promoter. Distortion of the DNA by copper-activated CueR is necessary for the RNA polymerase promoter recognition (12) ; however, in the cueP promoter, the DNA distortion may be necessary but not sufficient for its transcription. To test this, we constructed a CueRindependent promoter by shortening the distance between the −35 and −10 elements to the ideal of 17 bp (Fig. 4A) . As predicted, CueR was no longer required for activation of the mutant promoter, which remained dependent on CpxR (Fig. 4B) . CueR did not interact with the mutated promoter, whereas CpxR was able to recognize it (Fig. 4C) . Moreover, CpxR was necessary and sufficient for the productive interaction of the RNA polymerase and the mutated promoter, promoting formation of the open and initiating complexes (Fig. 4D) .
Taken together, the foregoing results indicate that the expression of cueP requires the simultaneous activation of CpxR, which recruits the RNA polymerase to the cueP promoter, and of CueR, which is necessary for the appropriate spatial arrangement of the −10 and −35 elements to initiate transcription (Fig. 5) .
Discussion
Copper is an essential metal ion, but it can be toxic even at low levels, especially when its local concentration or intracellular distribution is not properly controlled (28) . The essential as well as toxic nature of copper makes its active handling a vital skill for most organisms (6, 11) . Recently reported evidence indicates that intracellular copper actively contributes to the host innate immune response against bacterial infections, and that pathogens have acquired specific traits to deal with this intoxicant (29) (30) (31) .
Most known bacterial cuproproteins localize to the envelope, making this compartment the main target for copper homeostasis, whereas there is no reported requirement for this metal in the bacterial cytoplasm (10, 11) . In fact, it has become increasingly evident that both Gram-positive and Gram-negative bacteria make a great physiological effort to tightly control the envelope copper concentration (32) . Whereas in most enteric species, periplasmic copper homeostasis is maintained by the CusR/CusS-controlled CusC(F)BA RND system, this periplasmic sensor/efflux system is absent in Salmonella (8, 19) . Instead, Salmonella uses the periplasmic CueP protein to cope with copper toxicity (8) . This protein is required for macrophage survival (33) , coinciding with an increased copper content in the Salmonella phagosome (15) . Despite its function in envelope copper handling, CueP protein expression relies on the cytoplasmic MerR-like regulator CueR (8, 34, 35) ; thus, why a major player of periplasmic copper homeostasis is controlled by a cytoplasmic copper sensor was not clear. Here we have demonstrated that CueP expression is controlled not only by CueR, which is activated by the surge in cytoplasmic copper (36) , but also, and simultaneously, by CpxR/CpxA, which senses alterations in envelope homeostasis, particularly in the periplasm and the inner membrane (17, 18) . Whereas CpxR∼P is necessary to recruit the RNA polymerase to PcueP (Fig. 3 B and C) , Cu-CueR introduces torsional stresses that kink and undertwist the promoter, reshaping the −35 and −10 promoter elements for optimal recognition by the σ 70 -dependent RNA polymerase (12) . Indeed, shortening the distance between the −35 and −10 elements renders a promoter independent of CueR-regulation (Fig. 4B) . This mutant promoter remains dependent on CpxR, facilitating the RNA polymerase-promoter interaction (Fig. 4 C and D) . We show that this simultaneous regulation is required for copper resistance in anaerobiosis.
In addition, earlier expression of CueP in the exponential phase ( Fig. 2 B and C) by the CopA promoter mutant (PcopA) shows a growth defect in aerobiosis (Fig. 2E) , This defect was exacerbated under oxidative stress caused by H 2 O 2 (Fig. 2F) , indicating that surplus CueP can be toxic in these conditions. Furthermore, codependent transcriptional control of cueP by CueR and CpxR/CpxA is conserved among all cueP-harboring Gammaproteobacteria species (Fig. S5A) , indicating a selective pressure kept in evolution to coordinate the expression of the periplasmic copper-homeostasis protein.
The growth defect in the strain expressing CueP independently of CpxR/CpxA could be caused by subtle differences in the metallation of envelope cuproproteins. As a Cu-binding protein (14, 16) , the unregulated expression of CueP would restrict the availability of the metal ion for other factors. Nevertheless, attempts to determine differences in the copper content of periplasmic cuproproteins like SodCII at each growth time point were unsuccessful, likely owing to a lack of sensitivity.
A cooperative or even synergistic effect between transcription factors is a common regulatory mechanism controlling the expression of bacterial promoters. Examples include PhoP and SlyA, which countersilence the H-NS repression of horizontally acquired genes in Salmonella (37); the Escherichia coli melAB promoter, which requires the AraC/XylS-regulator MelR for positive activation by the cAMP receptor protein CRP (38) ; and the multiple factors acting to control expression of the master regulator of HilA, the SPI1 pathogenicity island (39) . Each factor converges to enhance or reduce the transcriptional level of the target gene in response to different conditions. Remarkably, we show here the transcriptional codependence of the cueP promoter on CpxR/CpxA and CueR. By itself, neither the induction by Cu-activated CueR nor the activation of the CpxR/CpxA by a pH shift or NlpE overexpression ( Fig. 1 and Fig. S8 ) was able to promote transcription in the absence of the other factor.
A small amount of CueP is produced in wild-type as well as in ΔcpxR or ΔcueR strains, both in the presence and the absence of copper (Fig. 1B) . This basal expression is likely required for CueP's role as a copper chaperone to deliver the metal ion to SodCII, one of the Salmonella periplasmic Cu/Zn superoxide dismutases in unstressed low-copper conditions (40) . Nevertheless, CueP's stress induction, the sensitivity to copper of the ΔcueP mutant (8), the growth deficiency of the strain in which cueP is expressed from a CpxR-independent promoter (Fig. 2) , and the observation that a cueP-deleted mutant accumulates threefold more copper than the WT (15) cumulatively support the role for this protein in copper resistance.
Envelope-sensing two-component systems constitute <10% of the total number of signal-dependent transcription factors present in a bacterial chromosome. Thus, the integration of these ancestral signal-and envelope-specific sensory systems contributes to broadening the spectra of monitored conditions that can affect this bacterial cell compartment and that require a particular response.
Experimental Procedures
Bacterial Strains and Growth Conditions. The bacterial strains, plasmids, and oligonucleotides used in this study are listed in Tables S1 and S2 . Cells were grown aerobically (41) or microaerobically (42) at 37°C in Luria broth (LB) or LB-agar plates, except for the metal induction assays, in which pH was adjusted to either 5.5 or 7.0 by the addition of 100 mM MOPS-MES or on LB agar plates treated in the same way. Ampicillin, kanamycin, and chloramphenicol were used at 100, 25, and 10 μg mL −1 respectively. Next, 50 μM isopropyl-β-thiogalactopyranoside (IPTG) was added to induce the expression of cpxR from plasmid. Cell culture medium reagents, chemicals, and oligonucleotides were obtained from Sigma-Aldrich, except the LB culture medium, which was obtained from Difco. CuSO 4 salt was of at least analytical grade (>95%). Statistical analysis was performed by one-way analysis of variance and the Holm-Sidak test. Minimum inhibitory concentration (MIC) values were determined on LB plates containing increasing amounts of CuSO 4 under anaerobic conditions, as reported previously (8) .
Bacterial Genetic and Molecular Biology Techniques. All S. enterica serovar Typhimurium strains used in this study were derived from wild-type 14028s and were constructed by phage P22-mediated transduction as described previously (43) . Strains carrying deletions or lacZ reporter fusion to promoters on the chromosome were carried out using lambda Red-mediated recombination (44, 45) . When necessary, the antibiotic-resistance cassette inserted at the deletion point was removed using the temperature-sensitive plasmid pCP20 carrying the FLP recombinase. The CueR-independent cueP promoter with the lacZ reporter fusion was built by lambda Red-mediated recombination. Mutation of the the CpxR box in strain PB9958 was constructed by the gene splicing by overlap extension PCR method (46) . Strain PB11609 with the copA promoter driving the expression of cueP was obtained in the same manner. All constructs were verified by DNA sequencing. DNA was introduced into bacterial strains by electroporation using a BioRad E. coli Pulser Electroporator following the manufacturer's recommendations.
Cu-Induction Assays. The β-gal assays were carried out essentially as described previously (47) , using overnight cultures on LB 100 mM MOPS-MES buffer (Sigma-Aldrich) to adjust the pH value to 7.0 or 5.5, in the presence of 1 mM CuSO 4 or without metal added.
Protein Purification and Western Blot Analysis. The CpxR-His-tagged fusion protein was purified by Ni
2+
-NTA-agarose affinity chromatography. CueR and CueR C120S were purified essentially as described previously (19, 27) , with Activation of the Cpx signaling pathway caused by a stressor other than copper will recruit the RNA polymerase (RNA Pol) to the promoter region of cueP. Nevertheless, transcription will not occur, because of the unfavorable spatial distribution of the −10 and −35 promoter elements. Moreover, the sole activation of CueR by the presence of copper in the cytoplasm reorientates the −35 and −10 elements, but transcription is not initiated because the RNA polymerase does not recognize the promoter. Only the simultaneous activation of CpxR, by copper-induced periplasmic stress, and CueR, by cytoplasmic copper, will induce transcription of cueP. Further details are provided in the text. the addition of 1 mM CuSO 4 in the LB culture. (One equivalent of CuSO 4 per CueR monomer was added to the purified protein before storage.) All procedures were carried out at 4°C. The purified proteins were analyzed by SDS/PAGE, and their concentrations were calculated using the Bradford assay.
Western blot analyses of 3× FLAG-tagged proteins or GroEL were carried out as described previously (8, 35) , with mouse anti-FLAG monoclonal (Sigma-Aldrich) or rabbit polyclonal anti-GroEL antibodies.
Protein-DNA Interaction Analysis. EMSAs were performed as described previously (34) using purified CueR and CueR C120S (27, 34) , CpxR (preincubated with 25 mM acetyl phosphate), and RNA polymerase (Epicentre). DNase I protection assays were done for both DNA strands (34) . For KCN treatment, CueR was incubated with KCN to reach a final concentration of 100 or 300 μM in the protein/DNA-binding assay (36) . Heparin and NTPs were used at a final concentration of 200 μg/mL and 250 μM, respectively, as indicated previously (48) .
